A new type of flat delay line was developed which has a low propagation velocity and very good delay to rise time ratio. It can be constructed by printed circuit techniques without crossovers. 
Introduction
Delay-line readouts have been extensively used in position-sensitive detection systems 1,2,3.
The choice of delay-line parameters represents a compromise since it is not possible to realize all the desirable characteristics (good position resolution, low cost, ease of connection, low particle scattering mass, short event resolving time) with any one line configuration. In general, the delay time must be sufficiently long, with respect to the signal rate of rise and the system noise, to yield the desired resolution, yet not so long as to lead to undesirable ambiguities at high counting rates. To improve the resolution without increasing the delay, it is necessary to improve the signal slope-to-noise ratio. Since the signal amplitude (and, therefore, its absolute slope) at the amplifier input terminals is proportional to the line characteristic impedance, the line impedance should be as high as possible, consistent with the limitation that the RC product associated with the real part of the line impedance and the amplifier input capacitance remain sufficiently small compared to the signal rise time so as not to degrade the signal slope with respect to the subsequent amplifier noise. While it is true that a low impedance line can be matched to a low capacitance amplifier by transformation, the impedance transforms as the square of the turns ratio, while the voltage increases linearly, so that the signal amplitude, for a given input time constant is always greater with a high impedance line.
In some applications, such as for cathode induced signal readout in multi-wire proportional 1) The wire resistance leads to signal attenuation and the increase in resistance with frequency due to the skin-effect leads to delay dispersion, both of which are more severe at low line impedance;
2) a fine wire high impedance configuration would have an unfavorable ratio of wire width to wire spacing, causing much of the induced charge from the anode avalanche to be wasted;
3) the ohmic resistance of the fine wires, taking skin-effect into account, could become the limiting system noise source. (Fig. 2) . In the unshifted line, the currents in superimposed segments are in opposite directions so that all the magnetic flux passes in the thin space between superimposed conductors. The inductance of a two-conductor straight transmission line can be thought of as the sum of the self-inductance, L of the two conductors less twice the mutual-inductance M.
With flat, closely spaced conductors, the coupling coefficient is high and-the mutual inductance is only slightly less than the self-inductance so that L1 + L2 -2M is very small. In the shifted line, on the other hand, the currents in superimposed line segments are in the same direction, the magnetic field surrounds both segments and the inductance becomes L1 + L2 + 2M which, in reasonable geometries, can be as much as 25 times as great as in the unshifted case, thus increasing the characteristic impedance and the delay by more than a factor of 5.
The shifted zig-zag delay-line is balanced with respect to ground and inherently differential.
Coupling to a single-ended amplifier must be done with a "balun" (balanced-to-unbalanced transformer) since the common mode signal with respect to any distant ground surface propagates at much higher velocity than the differential signal. In a wire chamber the effective signal, therefore, is the difference between the charge induced on the two zig-zags, and is strongly dependent on the transparency of the inner zig-zag (i.e., the zig-zag facing the anode wires). The coupling efficiency is determined by the capacitances between a probe, representing a charge source at the anode, and each of the two zig-zags measured with the other zig-zag grounded. If these inner and outer capacities are Ci and CO respectively, then the coupling efficiency Tn is:
With the wire spacing S equal to the wire width W, coupling efficiencies of about 0.5 are obtained.
By decreasing the ratio S/W for the inner zig-zag while increasing it for the outer zig-zag, the efficiency can be increased to as much as 0.8 without significantly altering the electrical properties of the line.
The exact calculation of the inductance per unit length of the shifted zig-zag delay-line is quite difficult, particularly if one tries to take account of the effect of the line thickness. In each current loop of the shifted zig-zag, two units of signal current flow in the transverse segments (see Fig. 1 impractical to maintain the unbalanced high impedance bifilar output winding at its optimum value of 400 ohms, an effort was made to minimize the distributed capacitance tc avOid degrading the signal-to-noise ratio. The preamplifiers w^@ ere of the charge-sensitive type providing an "electronically cooled" virtual terminating resistance13 of 400 ohms. Noise referred to the zig-zag delay line was about 5000 electrons RMS with the short shaping time constants used (10 ns integration and 20 ns differentiation)
The preamplifiers were followed either by Ortec timing-filter amplifiers (473) and constantfraction discriminators (463) or by Ortec timepickoff modules (260). Comparable results were obtained with both electronic arrangements (Fig. 6) . The best position resolution observed was about 2 mm FWHM at high gas gain for collimated n-rays. In principle, constant fraction discriminators should not be necessary, because the effects of amplitude dependent timing "walk" should cancel at the two ends of the line. With leading edge discriminators, the biases must be carefully adjusted if good walk compensation is to be achieved for signals near threshold. Furthermore, for longer lines with significant attenuation, the walk compensation no longer strictly applies and constant-fraction discriminators would be preferred.
Relatively crude attempts were made to optimize the filtering by choosing amplifier rise and decay time constants and constant-fraction discriminator delay. Best performance was obtained with amplifier rise-time, and constantfraction delay about equal to the "singleelectron" half-amplitude rise time of the chamber (,, 10 ns) and a decay time-constant about twice the rise time-constant. A short differentiating time-constant is necessary to reduce the noise corresponding to the effective residual temperahxre of the "cooled" termination resistance. The preamplifier feedback capacitor of 2 pF was shunted by 500K as an additional differentiation to compensate for the fact that the relatively low transformer secondary open-circuit inductance ('~.600 p,h) short circuits the pre-amplifier feedback at low frequencies and tends to exaggerate the low frequency noise.
Applications
The shifted zig-zag delay line is well suited to position readout parallel to the anode wires of multiwire proportional chambers and drift chambers because of its ease of fabrication and connection and low mass. In proportional chambers, one wide delay line might couple to a number of anode wires, simplifying the electronics in those cases where multi-particle probability is not excessive, and providing sufficient delay for good position resolution. Step response of 20 cm length of line No. 1 (TABLE I) .
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